The homology between herpes simplex virus type 1 and type 2 (HSV-1 and HSV-2, respectively) DNA between 0.58 and 0.674 map units was compared by Southern and dot blot analysis with DNA of one type of virus as a hybridization probe against the other type. Regions of high homology were interspersed with regions of detectably lower homology. However, only one region (between 0.647 and 0.653 map units) contained few or no homologous sequences. In situ RNA blot hybridization demonstrated that the mRNA species transcribed in the right-hand portion of the region are homologous between HSV-1 and HSV-2, as was previously found for the left-hand portion. A 2.7-kilobase HSV-2 transcript in the right-hand portion of the studied region was clearly that encoding HSV-2 glycoprotein C. Comparative nucleotide sequence analysis of specific regions demonstrated that homologous translational reading frames could be identified in the virus types. This analysis also demonstrated that homology could be abruptly lost outside such reading frames. Comparison of regions of homology with published HSV-1 transcription maps suggests that there can also be large divergence within translational reading frames. Some, but not complete, sequence homology was seen in the putative promoter sequence for the 730-base HSV-1 mRNA mapping to the right of glycoprotein C and the corresponding HSV-2 DNA. This suggests that the rather strict conservation of promoter sequences between homologous HSV-1 and HSV-2 transcripts seen in other regions of the genome may not be a necessary feature between these virus types.
Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2, respectively) are closely related, and their genetic maps are generally colinear (reviewed in reference 33). Kieff et al. (17) used Tm depression of DNA heteroduplexes to determine that there is an overall homology on the order of 50% in DNA sequences. In addition, they interpreted the thermal denaturation profiles of the heteroduplex as being indicative of the two viruses having some of their DNA with a very high level of base homology (ca. 85%) and some with significantly lower or no homology. More recently, Kudler et al. (18) used electron microscopy of HSV-1-HSV-2 DNA heteroduplexes covering a portion of the viral genome to analyze base sequence homology. These workers reported that there were several areas within the regions examined that would not form intertypic hybrids. Taken together, these studies indicate that HSV-1-HSV-2 sequence homology can be regarded as a mosaic of regions of conserved sequence interspersed with areas of little homology, as measured by hybridization.
Intertypic sequence comparisons are available from two regions of the HSV genome: the region encoding thymidine kinase (tk) (23, 34, 37) and the region encoding a 38,000-dalton (d) protein mapping between 0.58 and 0.68 map units (m.u.) (9, 15, 24) . This latter protein has been identified with HSV-induced ribonucleotide reductase (10) . In both cases, the DNAs within the translational reading frames for the particular proteins are generally highly homologous. In the case of the 38,000-d protein, however, the sequence of the 30 to 32 N-terminal amino acids is not conserved between the two strains. These data suggested that sequence conservation is controlled by requirements to preserve certain functional domains within proteins rather than preserving entire proteins.
There appear to be constraints on sequence divergence outside of translational reading frames also. An example is the case of the tk gene. Here, there is considerable sequence homology in putative promoter regions, suggesting that transcriptional control regions also tend to be subject to constraints upon divergence. It 4 , in press). Additional evidence for constraints upon the divergence of HSV-1 and HSV-2 is suggested by those transcripts that have been mapped on the HSV-2 genome appearing to be generally similar in size to the HSV-1 transcripts mapping in the analogous location on the viral genome (Wagner, in press; Wagner et al., in press). Despite these apparent constraints, there are some functions that do not appear to comap on the HSV-1 and HSV-2 genomes.
Perhaps the best example of this is the region of DNA responsible for morphological transformation (5, 14, 28) .
To further assess the degree of homology between the HSV-1 and HSV-2 genomes, we undertook a thorough analysis of the DNA homology in the region generally encompassed within HSV-1 HindlIl fragment L (0.592 to 0.647 m.u.). We chose this region for several reasons. First, the left-hand portion of this region of HSV-2 contains DNA capable of mediating morphological transformation of cultured animal cells in vitro (14, 28) , whereas the corresponding region of HSV-1 does not appear to do so. Second, the left-hand half of this region contains transcripts that are essentially the same size in HSV-1 and HSV-2. These encode similarly sized polypeptides, at least one of which is antigenically cross-reactive (26) . Third, there are nucleotide sequence data available for both HSV-1 and HSV-2 for the 615 on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from left-hand portion of the region. Finally, the complete nucleotide sequence is available for the right-hand portion of the region in HSV-1. This right-hand portion encodes glycoprotein C (gC) in HSV-1. In HSV-2, an unrelated glycoprotein formerly designated as gC was located to the right of gC (21, 30) . Recently, however, a glycoprotein weakly immunologically cross-reactive with HSV-1 gC has been shown to map in a position analogous to that of the gC of HSV-1 (27, 38) . Current nomenclature has renamed the former HSV-2 gC as gG and the HSV-2 protein related to HSV-1 as gC. Thus, comparative homology studies of the DNA encoding the gC gene are of interest.
MATERIALS AND METHODS Cells and virus. For HSV-1 RNA preparation, plaquepurified isolates of the KOS strain of HSV-1 were used to infect HeLa cells. Monolayer cultures of HeLa cells were grown at 37°C in Eagle minimal essential medium containing 10% calf serum, penicillin, and streptomycin.
HSV-2 RNA was prepared from BHK-21 cells that had been infected with the 333 strain of HSV-2.
Enzymes. All restriction enzymes were obtained from Bethesda Research Laboratories. Digestions were carried out in buffers recommended by the supplier. Phage T4 polynucleotide kinase (Bethesda Research Laboratories) was used for 5' end labeling as described by Maxam and Gilbert (22) . DNA polymerase I (Klenow fragment; New England Nuclear Corp.) was used for the dideoxynucleotide sequencing.
Isolation, labeling, and size fractionation of polyribosomal RNA. For HSV-1 RNA, monolayer cultures of HeLa cells (2 x 107 cells per flask) were infected for 30 min at a multiplicity of 10 PFU of virus per cell in phosphate-buffered saline containing 0.1% glucose and 1.0% fetal calf serum. Polyribosomes were isolated from the cytoplasm of infected cells by the magnesium precipitation method of Palmiter (25) .
HSV-2 RNA was prepared from BHK-21 cells infected with HSV-2 strain 333 at a multiplicity of 20 PFU/cell. The cells were exposed to the virus for 60 min in Dulbecco modified Eagle medium without serum and subsequently maintained in medium containing 2% fetal calf serum. Cultures were harvested at 24 h. The infected cells were rinsed, scraped into ice-cold phosphate-buffered saline, collected by centrifugation, and washed twice with ice-cold phosphatebuffered saline. Total cytoplasmic RNA was prepared as described by Anderson et al. (1) .
Polyadenylic acid-containing [poly(A)] mRNA was isolated from total rRNA by oligodeoxythymidylic acid-cellulose (Collaborative Research, Inc.) chromatography. This is referred to as HSV poly(A) mRNA. Details of this procedure were presented elsewhere (2, 3) . RNA was size fractionated by electrophoresis on 1.4% agarose gels containing 10 mM methylmercury hydroxide (4) as previously described (3, 11) .
Recombinant DNA. All recombinant HSV-1 DNA clones described in this paper were derived from either HindIII fragment L (0.592 to 0.657 m.u.), BamHI fragment 1 (0.602 to 0.643 m.u.), or EcoRI fragment I (0.633 to 0.721 m.u.) and cloned into pBR322. All recombinant HSV-2 clones were derived from either the BglII fragment N (0.585 to 0.630 m.u.) or the BamHI fragment A (0.610 to 0.720 m.u.) and were cloned into pBR322. Procedures for cloning DNA fragments in the pBR322 vector were described previously (2, 11) . Cloned DNA fragments were named as described previously and located by their map coordinates on the P arrangement of the HSV-1 and HSV-2 genomes (2, 11).
In situ Northern RNA blots. As described previously, samples (5 ,ug) of HSV poly(A) mRNA were fractionated on methylmercury gels and dried onto Whatman 3MM paper with vacuum (16 The portion of HSV-1 HindIII fragment L between 0.592 and 0.633 m.u. was analyzed for homology with HSV-2 by using cloned BgII fragment N (0.583 to 0.634 m.u.) of HSV-2 as a probe. Cloned HSV-1 Sall-EcoRI fragment T-A (0.621 to 0.633 m.u.) was digested with PstI to generate two chimeric fragments 1,650 and 4,000 bases in length. Both showed homology to HSV-2 BglII fragment N (Fig. 2 , track I), although the smaller fragment, which spanned 0.622 to 0.633 m.u., contained less radioactivity. HSV-1 HindIIIBamHI fragment L-O (0.592 to 0.602 m.u.), digested with both enzymes, yielded a 1,400-base fragment hybridizing to the HSV-2 probe with high efficiency (Fig. 2 , track II). It should be noted that in this track, the band of radioactivity migrating at a rate corresponding to 4 kb was due to a slight contamination with the sample of track I. The cloned HSV-1 BamHI-Sall fragment I-P (0.602 to 0.617 m.u.) was digested with these two enzymes and PstI to generate 1.5-and 0.69-kb fragments, both of which were highly homologous to HSV-2 ( Fig. 2, track III) .
The cloned HSV-1 SalI fragment N' (0.617 to 0.621 m.u.) showed no appreciable hybridization to the HSV-2 probe in the Southern blotting experiments (Fig. 2 , track IV). As discussed in detail below, when we used Sall fragment N' as a radioactive probe for a dot-blot hybridization with 0.1-jig amounts of HSV-2 BglII fragment N, we could detect some hybridization to the HSV-2 DNA (Fig. 3) showed appreciable hybridization to the HSV-2 DNA. This confirms the observation from Fig. 2 (35) . Appropriate DNA fragments were nick translated by published procedures (29) . Hybridization of 32P-labeled probes (6 x 106 to 8 x 106 cpm) to the immobilized DNA dots was accomplished as described previously (3) . All hybridizations were performed in duplicate. Shown (Fig. 4) . It is evident that an mRNA species essentially the same size as or slightly smaller than that encoding HSV-1 gC (2.7 kb) hybridizes weakly with the HSV-1 probe. This indicated that the transcription pattern of this portion of the HSV-2 genome is essentially identical to that described for HSV-1, and that the genes for gC map colinearly. We confirmed this conclusion by hybridizing another parallel track of HSV-2 poly(A) mRNA with a nicktranslated probe from cloned HSV-2 EcoRI fragment 0 (0.64 to 0.644 m.u. The N-terminal portion of the 38,000-d protein contains short stretches of both homologous and divergent sequences (Fig. SA) . The sequences converge to lengthy homology about 50 bases downstream of the ATG triplet. From here, a high degree of sequence homology is maintained throughout the reading frame. There is still some conservation of sequence between the translation terminator codon and the putative polyadenylation signal, AATAAA. Beyond this point, however, homology ceases abruptly ( Fig. SB; data not shown).
The 3' end of the 1.8-kb HSV-1 mRNA encoding a 58,000-d protein of unknown function was mapped at ca. 500 bases to the left of the HSV-1 BamHI site at 0.602 m.u. (Fig. 1) (11) . There is little evident homology between HSV-1 and HSV-2 between the polyadenylation signals and the terminator codons. The homology which begins at the terminator codons extends for at least several hundred bases toward the 5' end of the 1.8-kb mRNA encoding the 58,000-d protein (data not shown). This (and the fact that the putative polyadenylation signal occurs at a point in good agreement with the previously determined 3' end of this mRNA) gives us great confidence that this is, indeed, a portion of the translational reading frame for this protein. The DNA sequence is relatively divergent between the translation terminator codons for the 38,000-and 58,000-d proteins, although short (ca. 8 to 15 bases) stretches of weak homology can be seen (data not shown).
The data of Fig. 2 , summarized in Fig. 1 , indicate that HSV-2 EcoRI fragment 0 (0.640 to 0.644 m.u.) hybridizes to the analogous region of HSV-1 with detectably lower efficiency than do some neighboring regions. This fragment contains stretches of high homology with HSV-1 and some areas of little or no extensive sequence conservation between the two virus types. The nucleotide sequence encoding the C-terminal 61 amino acids of HSV-1 gC is generally quite homologous to the corresponding region of HSV-2. A typical region of strong sequence homology is shown in the 70 bases compared in Fig. 5D .
This sequence conservation is abruptly lost in the area encoding the putative transmembrane amino acids of HSV-1 gC, but some homology is regained between this area and the gC translation termination codon. Beyond this point, sequence homology is abruptly lost (Fig. SE) . The predicted amino acid sequence for HSV-1 gC and the HSV-2 homology around the transmembrane and anchor sequences are shown in Fig. 6 . It should be noted that the HSV-1 gC translation frame downstream of the transmembrane sequence shown is derived from updated data presently submitted for publication (8a). Although the nucleotide sequence of the DNA encoding the transmembrane amino acids of HSV-1 gC diverges considerably from the corresponding HSV-2 sequence, the predicted amino acids encoded by HSV-2 are all hydrophobic ones. Therefore, the general function of this region appears conserved.
The updated sequence data presented by Draper et al. (8a) position a probable translation initiation codon for the 17,800-d HSV-1 protein that neighbors gC as being 57 bases to the left of the ATG triplet suggested as a likely initiation codon by Frink et al. (13) . As shown in Fig. SF , there is an ATG triplet at an identical position in the DNA sequence of HSV-2 DNA. There is significant nucleotide sequence homology between HSV-1 and HSV-2 to the right of this site. These data are strong evidence for this being the translation initiation codon for an HSV-2 protein homologous to that seen in HSV-1 infections. There is no significant sequence homology in the 50 bases directly upstream of this ATG triplet.
The cap site of the HSV-1 730-base mRNA was found to lie about 30 bases to the right of a putative TATA box, and Frink et al. (13) concluded that this mRNA was transcribed from its own promoter. Such a promoter would be contained within the DNA sequences compared in the present study. The fact that a similarly sized mRNA maps in the same general region of HSV-2 (Fig. 4) This divergence is greatest in the sequence between the gC translation terminator and the putative HSV-1 TATA box for A. 1 
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The region with most sequence divergence within a probable translation frame is in the portion of HSV-1 DNA contained in HindIII-PvuII fragment D-E' (0.647 to 0.653 m.u.). Hall et al. (16) showed that this region encodes two partially colinear mRNAs, one 2.5 kb and one 4.7 kb. The larger mRNA encodes a 70,000-d polypeptide, and the smaller encodes an 85,000-d polypeptide. Both mRNAs appear to be unspliced. Therefore, it is quite likely that the 800-base length of DNA between the HindIll and PvuII sites encodes part of the 85,000-d HSV-1 protein. It will be of interest to examine whether HSV-2 transcripts are similar in size to the HSV-1 ones in this region of the viral genome and, eventually, to determine the function of the encoded polypeptides.
The portions of the region examined in this paper, which serve as efficient polyadenylation signals for mRNAs on both strands of the DNA, show weak, if any, homology. The HSV-1 Sall fragment N' (0.617 to 0.621 m.u.) is complementary to the 3' ends of two mRNA species (11) . This fragment contains little detectable homology to HSV-2 Southern blot hybridization (Fig. 2, track IV) , and only weak homology by the criterion of dot blot hybridization (Fig. 3) . The region at the 3' ends of the partially colinear gC and 730-base mRNAs also shows only weak homology by Southern blot hybridization criteria. This is seen in Fig. 2 (track VIII) by the weak hybridization of HSV-2 EcoRI-BglII fragment L-I (0.646 to 0.715 m.u.) to a 32P-labeled probe made from HSV-1 EcoRIHindIII fragment I-L (0.633 to 0.647 m.u.). Nucleotide sequence data show that there is little extended homology between the 3' end of the 38,000-d protein mRNAs and the 3' end of the 1.5-kb mRNAs mapping to the right of this region and transcribed from the other strand. Here, it is clear ( Fig.  SB and C) that homology is abruptly lost outside translational reading frames. HSV-2 contains 282 bases between the identified terminator codons, whereas HSV-1 contains only 218. Therefore, any constraints as to sequence divergence in this region of the genome must be rather weak. However, it should be noted that, where known, the relevant portion of the genome is a region of efficient polyadenylation for both HSV-1 and HSV-2. Therefore, function is conserved, if not sequence.
The close similarity of size between the HSV-1 and HSV-2 gC mRNAs (Fig. 4) and the correspondence for the location of translation terminator signals (Fig. SE) predicts that the unglycosylated HSV-2 gC translation product should be of a size similar to that of the HSV-1 protein. The recent data of Swain et al. (in preparation) confirm this. Whatever the function of this protein, it is clear that the complete gC is not required for the replication of HSV-1 or HSV-2 in cell culture (20) . The data of Fig. 4 are not of high enough resolution to demonstrate whether the minor spliced mRNAs partially colinear with HSV-1 gC are also present in HSV-2 infections. Their presence would imply a specific function for these minor transcripts. The presence of the 730-base mRNA as a partially colinear transcript with gC mRNA in HSV-2 strongly suggests that the 17,800-d protein encoded by the HSV-1 mRNA will be found in HSV-2-infected cells and will have a similar function. The close correspondence of the translational reading frames identified in HSV-1 and HSV-2 for this protein is additional evidence in favor of this conclusion.
In HSV-1, the DNA sequence directly upstream of the cap site of the 730-base mRNA had similarities to other HSV-1 promoter sequences, and Frink et al. (13) concluded that this mRNA is probably transcribed under the control of its own promoter. The homology around the putative TATA box sequence shown in Fig. 7 suggests that the situation is the same in HSV-2. If the DNA upstream of the cap site for the 730-base mRNA does, indeed, contain a promoter for this mRNA in both HSV-1 and HSV-2, then the divergence in the sequence is nearly as great as that seen between promoters of nonhomologous mRNAs (36; Wagner, in press; Wagner et al., in press). This is in some contrast to the homology seen between the HSV-1 and HSV-2 promoter regions for tk and 38,000-d protein mRNAs. In this latter mRNA, the translational reading frame for the neighboring 140,000-d protein appears to lie in the promoter region. Therefore, sequence homology would be expected to be great. An as yet unidentified translational reading frame for another protein or other feature of the DNA sequence may be responsible for the conservation seen in the tk promoter between HSV-1 and HSV-2. Clearly, further comparative studies will indicate whether the situation described for the region between 0.58 and 0.674 m.u. is typical of other transcriptional units in the HSV genome.
